CXCR4 is a G protein-coupled receptor (GPCR) that has multiple critical functions in normal and pathologic physiology that include regulation of the metastatic behavior of mammary carcinoma, and utilization as a coreceptor for infection by T-tropic strains of human immunodeficiency virus-1. Molecular dynamic simulations of the rhodopsin-based homology model of CXCR4 were performed in a solvated lipid bilayer to reproduce the microenvironment of this integral membrane protein.
CXCR4 is a GPCR that exclusively transduces cellular signals for stromal cell-derived factor 1 (SDF-1), 1 a member of the CXC branch of the chemokine family also designated CXCL12. SDF-1 is chemotactic for B-and T-lymphocyte subsets and is critical for the migration of progenitors during embryologic development of the central nervous, cardiovascular, and hematopoietic systems (1, 2) . CXCR4 has been shown to have a key role in germ cell migration during embryogenesis in zebrafish (3) and blockade of this receptor in humans results in mobilization of hematopoietic stem cells (4) . CXCR4 is a front line coreceptor for the CD4-dependent entry of target cells by Ttropic strains of HIV-1 that evolve during the course of HIV-1 infection (5) . In addition, the expression of CXCR4 by mammary carcinoma and other malignancies results in the hijacking of its ability to mediate directed migration resulting in the programming of metastatic spread to target organs that secrete SDF-1 (i.e. lymph node, bone marrow, lung, and liver). Blockade of CXCR4 with a monoclonal antibody has been reported to inhibit the metastasis of mammary carcinoma cells in a xenograft model in immunodeficient mice (6) . Thus, CXCR4 represents a critical molecular target to disrupt the pathogenesis of HIV-1 infection, to block tumor metastasis, and to mobilize stem cells.
Three CXCR4 antagonists have been described and two (AMD3100 (7) (Fig. 1 ) and ALX40-4C (8)) have been administered to human subjects. AMD3100 was withdrawn from clinical trials in patients with HIV-1 infections because of cardiac toxicity. 2 The mechanism of antagonist action has been determined using human CXCR4 mutants with constitutive activity derived in yeast strains expressing the receptor functionally coupled to the pheromone response pathway (10) . AMD3100 and ALX40-4C demonstrated weak partial agonist activity (10) . In contrast, T140 (11) (Fig. 1) , a 14-residue polypeptide downsized from a naturally occurring horseshoe crab protein, shifted the conformational equilibrium of wild type and constitutively active mutants of CXCR4 to the inactive state, characteristic of an inverse agonist (10) . Whereas the mechanism for CXCR4 blockade does not appear to be critical to therapeutic applications for coreceptor antagonists, it is important to develop agents that lack partial activating activity, such as inverse agonists, for therapies to block the metastatic spread of malignancies.
Insight into the structure of molecular targets may provide opportunities for rational drug design or strategies to enhance the activity of candidate lead compounds identified by high throughput screening. Although GPCRs are frequent targets for therapeutic drugs, understanding of their structure is quite limited. The only available high resolution GPCR structure has been determined by x-ray crystallographic analysis of bovine rhodopsin (12) . Biophysical analyses have elucidated the mechanism for reorientation of transmembrane helices involved in receptor activation and initiation of signaling (13) . Whereas a variety of structural and modeling approaches have been attempted for other GPCRs, it has not been possible to establish a reliable understanding of native receptor structure. There is increased interest (14, 15) in the use of homology models of GPCRs and computational analyses have been applied to extend observations of dynamic equilibrium of GPCR conformation. The interpretation of such molecular modeling experiments is constrained by the performance of the dynamic simulations in a vacuum or water, neither of which accurately reproduces the membrane environment of GPCRs.
Here we describe a multidisciplinary approach to elucidate the structural conformation of GPCRs that involves molecular dynamic simulations in a solvated lipid bilayer, identification of residues necessary for receptor interaction with antagonists, verification of these findings using biochemical strategies, and computational docking of antagonists and receptors. This iterative strategy should provide insight into mechanisms for GPCR activation and receptor domains critical to interaction with pharmacophores that influence the dynamic equilibrium between active and inactive conformations. This understanding should, in turn, permit the development of a new generation of CXCR4 antagonists by rational drug design.
EXPERIMENTAL PROCEDURES
Molecular Dynamic Simulations-A lipid bilayer was initially constructed comprised of two layers of 256 (16 ϫ 16 grid) dodecamaltoside molecules in the xy plane aligned to the Ϯz axis. The homology model of CXCR4, derived from the rhopdopsin crystal structure, was inserted centrally aligned to the z axis and the dodecamaltoside molecules within 3 Å of the protein residues were removed, leaving 375 lipid molecules. The system was solvated in the Ϯz direction 12 Å away from CXCR4 and water molecules were removed from the lipid bilayer leaving 10,111 TIP3P solvent molecules. The final dimensions of the system were 75 ϫ 75 ϫ 113 Å. The system was carefully equilibrated in three stages: initially the lipid was allowed to gradually interact with the fixed protein with water omitted from the calculation. Second, the water was allowed to gradually interact with unrestrained lipid and fixed protein. Finally, the protein was allowed to gradually interact with the unrestrained water and lipid. The protocol for each stage was: minimization with 100 kcal (mol Å) Ϫ1 restraints (5,000 steps steepest descents, 20,000 steps conjugate gradient); molecular dynamics (100 K, 25 ps); minimization with 100 kcal (mol Å) Ϫ1 restraints (5,000 steps steepest descent, 20,000 steps conjugate gradient); minimization (5,000 steps steepest descent, 20,000 steps conjugate gradient); molecular dynamics with 100 kcal (mol Å) Ϫ1 restraints (100 K, 25 ps); molecular dynamics with 100 kcal (mol Å) Ϫ1 restraints (300 K, 25 ps); molecular dynamics (300 K, 75 ps) with gradual removal of restraints. The equilibrium phase ended with 500 ps of unrestrained molecular dynamics to allow for further movement. The component that is fixed had constant 100 kcal (mol Å) Ϫ1 restraints, whereas the component that is allowed to gradually interact had the gradual removal of restraints. Molecular dynamics simulations using the AMBER-96 force field and the Sander_classic module were performed in the isothermal isobaric ensemble (p ϭ 1 atmosphere) with the AMBER 6.0 program (although initial benchmarks on this system indicate AMBER 7.0 is significantly faster), using periodic boundary conditions and the PME algorithm. A 2-fs time step was used with all bond distances involving hydrogen atoms frozen using SHAKE. Chloride anions were added randomly for charge neutrality. The production runs were unrestrained and run for 6 ns on a 32 processor SGI Origin2000. The structures were sampled in the last 2 ns.
The simulations including T140 and AMD3100 effectively used steered molecular dynamics for the equilibrium period that started with the fully equilibrated lipid:protein without water, T140 or AMD3100 were added 10 Å away from the CXCR4 and the total system was solvated at 12 Å in the z direction. The third stage of the above protocol was then repeated with water equilibrating and T140 and AMD3100 fixed. The final 500 ps of equilibrium had additional distance restraints (20 kcal (mol Å) Ϫ1 ) of 4 Å for pairs of atoms from two residues known to be important in CXCR4 to the terminal residues in two different orientations of T140 and one of AMD3100. This allowed for the gradual introduction of the ligand with time for receptor reorganization. No distance restraints were used in the production phase. T140, AMD3100, and dodecylmaltoside were parameterized for AMBER and electrostatic potential charges were derived from ab initio calculations (6-311G* basis set).
HIV-1 Envelope-mediated Fusion Assay-The ability of CXCR4 antagonists to block its coreceptor function was determined in a fusion assay using effector QT6 cells programmed to express the envelope glycoprotein from the 89.6 strain of HIV-1 and target QT6 cells transiently expressing CXCR4 alanine scanning mutants and CD4 as previously described (16) .
Displacement of SDF-1 Binding-The loss of sensitivity to antagonists by CXCR4 alanine scanning mutants in the coreceptor assay was confirmed by homologous displacement of T140 binding or heterologous displacement of [ 125 I]SDF-1 binding by AMD3100 using standard techniques (17) . CHO cell transfectants stably expressing high levels of various CXCR4 alanine scanning mutants, derived as previously described (10), served as target cells for these experiments.
Chemical Cross-linking and Chemical Cleavage-T140 was radioiodinated with chloramine T using standard techniques. The labeled antagonist was cross-linked to CHO transfectants expressing high levels of CXCR4 containing Myc and His epitope tags at the N and C terminus, respectively, using the bifunctional agent ethyl-3-(3-dimethylamino)propylcarbodiimide. The antagonist-receptor complex was pulled down using nickel resin and subjected to cleavage with CNBr or N-chlorosuccinimide. Labeled fragments were resolved in polyacrylamide gels containing SDS and Tricine and detected by autoradiography. Fragments from the N or C terminus were detected by Western blotting with monoclonal antibodies to the Myc or His epitope tags, respectively.
RESULTS AND DISCUSSION
Structural Studies on the Native Receptor-The strategy applied for computational analysis of CXCR4 conformational structure employed a solvated lipid bilayer to approximate the environment of the plasma membrane. Dodecylmaltoside was selected for the lipid bilayer, as it has been used to solubilize biologically active CXCR4 (18) . Two previous CXCR4 modeling experiments performed in vacuo (19) and solvated in water (20) 
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neglected to consider the effect of the membrane microenvironment on the receptor and both employed approaches for generating interhelical loops without consideration of the only available high resolution GPCR crystal structure. Moreover, it is unclear whether these computational strategies (19, 20) can accurately ab initio predict the structure of rhodopsin itself. These models have significantly different interhelical loop regions, both from each other and our model based on the GPCR crystal structure. Nature is highly conservative in using protein folds and therefore we thought that it was a reasonable approach to use information from all domains of the only high resolution GPCR structure available, instead of limiting analysis to the helical regions and ab initio determining new folds for the extra-and intracellular interhelical loops. However, a recent report states that first principle methods can reproduce the crystal structure of rhodopsin and the ligand orientation (21) and were applied to other GPCRs. The optimization of ligand binding used molecular mechanics and the continuum solvation approximation that appeared to work well if the binding site is deep within the receptor and there is not significant movement of the receptor upon binding. These methods may provide an alternative to homology-based models. For conformational movement, such as some ligand binding and signaling mechanisms, it may be necessary to include an environment that mimics the plasma membrane. The starting structures used here were based on a homology model of the rhodopsin crystal structure and allowed to evolve using fully solvated lipid bilayer molecular dynamic simulations.
The molecular dynamic simulations of CXCR4 using AMBER (22) were energetically stable throughout the production trajectory and there was an evolution from the rhodopsin structure to the final CXCR4 conformation. The thickness of the lipid bilayer compressed to 50 Å (from 55 Å) around the receptor associating exclusively with the predicted transmembrane helices ( Fig. 2A) . The lipid molecules ensheath the external aspect of the bundle of helices that forms the surface of the hydrophobic core of CXCR4 (Fig. 2B) , thereby excluding the penetration of water molecules past the polar head groups of the bilayer. The lipid bilayer flattened the outer hydrophobic residues in the core of CXCR4, providing a permissive environment for changes in orientation of the helices involved in signal transduction. The small "eighth" helix in the C-terminal tail inserted in and was stabilized by the lipid bilayer ( Fig. 2A) .
The prototypic topology of GPCRs interhelical loops was preserved although the precise conformation achieved an equilibrium that was different from the initial homology model. The solvent-exposed N-terminal extracellular domain formed a loop that extended over the extracellular loop (E-L) 2 region (Fig.  2C) . The polar residues of the small E-L1 and E-L3 loops were exposed to solvent, thus stabilizing the interface with the hydrophobic helices. The C-terminal segment of 30 residues distal to the eighth helix was dynamic and exposed to the solvent in the cytosol. The intracellular loops (I-L) were also exposed to solvent in the cytoplasmic compartment (Fig. 2D) The third helix was interrupted by a central kink that involved Asn 119 , a residue that has been demonstrated to be critical for the regulation of receptor signaling (10) . The lipid bilayer maintained the orientation and locations of the transmembrane and eighth helices in the modeled native structure as they are very similar to the rhodopsin crystal structure with little movement or change in the orientation of the transmembrane helices. However, there was a slight inward movement of TM7 that effectively reduces the corresponding retinal binding pocket of rhodopsin, which may account for the lack of activity of retinal-like compounds with CXCR4. Whereas the rhodopsin crystal structure was solved with the complexed retinal in place, the native CXCR4 receptor model did not include such a ligand, and the fact that the CXCR4 model was different from rhodopsin at this site is significant, as the simulation may reproduce the inactive conformation of the receptor. One advantage of the model is that it may be possible to design CXCR4 antagonists that lock the receptor in the inactive conformation based on the model. The major differences between the high resolution rhodopsin structure and the CXCR4 model were predicted to occur in the extracellular domains. These involved the extension of the N terminus over the E-L2 of CXCR4 and the greater length of the CXCR4 E-L3 than the corresponding domain of the rhodopsin structure. The first and second cytoplasmic loops of the model were also very similar to the crystal structure. The C terminus and I-L3 were not well defined in the crystal structure, thus it is not possible to make a meaningful comparison. The importance of an experimentally untested salt bridge, Arg 188 -Glu 277 , predicted by a previous solvated CXCR4 model (20) was not supported by our model as they are 22 Å apart, nor was this interaction predicted by the in vacuo model (19) .
Chimeric studies (23) using CXCR4 and CXCR2 have implicated the N-terminal domain (N-ter) for SDF-1 binding and have demonstrated that a segment that includes TM6, E-L3, and TM7 is required for signaling. This is entirely consistent with the proposed model of the native CXCR4 receptor as the N-ter is obviously accessible to SDF-1, as is E-L3, and the segment that encompasses E-L3, the portions of TM6 and TM7, could translate or rotate and/or change conformation to be involved in the signaling mechanism. Alanine scanning of CXCR4 (24) (23) .
Mapping of the CXCR4 Antagonists Binding to Validate the Predicted Structure-T140 and AMD3100 are CXCR4 antagonists of known structure. To validate the model, the binding sites for each antagonist, which use different mechanisms for blockade (10) , were determined using biochemical and/or molecular biology approaches. This provides a molecular blueprint that will ultimately allow for the validation of the predicted structure with docked antagonists. CXCR4 alanine scanning mutants in individual acidic, basic, and aromatic residues in extracellular domains and the peripheral half of transmembrane spanning helices and proline and glycine residues in the latter segments were tested for sensitivity to inhibition by T140 in fusion assays with the 89.6 envelope glycoprotein. As shown in Fig. 3A (Fig. 3B) . Transfectants expressing autoradiography. The inability to adsorb this fragment to nickel resin via the C-terminal His epitope tag indicates that it is derived from an internal fragment that spans Thr 73 to Met 205 , and not from a similar sized fragment from the C terminus (Fig. 3C) . Autoradiography of complexes exposed to N-chlorosuccinimide revealed multiple labeled products, which probably result from partial cleavage. A single labeled fragment with M r of 24,000 was adsorbed to nickel resin, corresponding to a region extending from Ile 162 to the C-terminal His tag (data not shown). These findings provide physical evidence that T140 binds to a site between residues Ile 162 and Trp
195
, corresponding to the segment that includes TM4 and E-L2.
Docking of the T140 Structure with the CXCR4 ModelIdentification of key residues in the receptor and antagonist (25) by mutagenesis provides sufficient insight into binding mechanisms for application of a computational approach to structural rationalization. The mechanism for the interaction of T140 with CXCR4 was analyzed by steered molecular dynamics using AMBER (22) software and then allowed to develop over 4 ns of unrestrained dynamics. The docking of T140 with CXCR4 was stable and there was no evidence of shifting in the binding or dissociation of the complex. As shown in Fig. 4A , the four key residues at the N and C terminus of T140 necessary for antagonist activity (25) (Arg 2 , Nal 3 , Tyr 5 , Arg 14 ) were predicted to interact directly with CXCR4. Moreover, this region of T140 bound to E-L2 of CXCR4 is consistent with mutagenesis and chemical cross-linking findings.
The dynamic binding site of T140, shown in Fig. 4, B-D, is   FIG. 3 . CXCR4 residues critical for binding to T140. A, alanine scanning mutants of CXCR4 were tested for loss of sensitivity to T140 inhibition of coreceptor activity in a reporter gene assay for HIV-1 Env-mediated fusion using the dual tropic envelope glycoprotein encoded by the 89.6 strain. The fusion activity of each mutant in the absence (white bars) or presence (black bars) of T140 is the mean value of two duplicate analyses and is expressed as a percentage of the control using wild type CXCR4. The data shown are representative of three independent experiments. B, the loss of CXCR4 alanine scanning mutants to T140 inhibition in the fusion assay was confirmed in homologous displacement studies of T140 binding. CHO transfectants stably expressing wild type CXCR4 or the indicated alanine scanning mutants at similar levels on the cell surface were used in binding experiments in which unlabeled T140 displaced the binding of [ composed of the N terminus, which interacts with E-L2 of CXCR4, and the C terminus is oriented inferiorly and interacts with residues in TM4 and E-L2 and E-L3. The Cys residues forming the structural disulfide link and the residues in the ␤ hairpin turn of T140 (Lys 7 , Lys 8 , Pro 9 , and Tyr 10 ) did not have direct contacts with CXCR4 within 3.0 Å. The four key T140 residues all had multiple interactions with residues in CXCR4, including amino acids in the N-ter, TM4, E-L2, TM5, and E-L3. Specific interactions between key T140 residues and amino acids in CXCR4 are shown in Fig. 4A 201 did not appear to be crucial for binding may be because of partial stabilization by single mutants and or with the mutated alanine, whereas a double mutant is predicted to reduce binding. Arg 188 of CXCR4 lies at the base of the active site and is involved in stabilizing the secondary structure of the hydrophobic network of interactions of Nal 3 and Tyr 5 of T140. Asp 262 of CXCR4 is crucial for the structure of the E-L3 with multiple hydrogen bonds (CXCR4 residues 258 -259 and 263-266). Gly 207 of CXCR4 is close to Arg 188 and steric change in this position may alter the base of the binding site because of a change in the helical nature of TM5. Arg 2 of T140 is extended near the N-ter of CXCR4 and directly interacts with Asp 10 and Asn 11 of CXCR4. There are three effects that a single mutant residue can effect binding of a ligand to a receptor. The first is that it changes a direct interaction, such as a salt bridge, or hydrogen bond, or hydrophobic stabilization to the ligand, which we observe with Arg 2 , Nal 3 , Tyr 5 , and Arg 14 of T140 and Asp 171 of CXCR4. The second is that it structurally changes the binding site, either in shape or flexibility, which would account for Arg 188 and Asp 262 and possibly Gly 207 of CXCR4. The third effect is related to the second, in that it hinders movement distal to the binding site, thereby altering binding or the signaling mechanism, which could also account for Gly 207 of CXCR4. Identification of Critical Residues for AMD3100 BindingParallel analysis of the CXCR4 alanine scanning mutants for loss of sensitivity to AMD3100 revealed a critical role for Asp 262 and Glu 288 (Fig. 5A) . Conversion of Phe 189 or Tyr 190 individually to alanine did not alter the sensitivity of CXCR4 coreceptor activity to inhibition by AMD3100. A CXCR4 mutant in which both were converted to alanine retained coreceptor function that was insensitive to AMD3100.
Heterologous displacement experiments were performed to characterize the effect of alanine scanning mutations on AMD3100 binding. As shown in Fig. 5B , substitution of alanine for Asp 262 or Glu 288 dramatically reduced the ability of AMD3100 to displace [
125 I]SDF-1 binding to stable transfectants. The low level expression of CXCR4(F189A,Y190A) by CHO transfectants precluded ligand binding experiments.
Docking of AMD3100 into the CXCR4 Model-Computational docking of AMD3100 with CXCR4 was performed using steered molecular dynamics, as described for T140. The final model was stable and the spatial orientation of the two positively charged bicyclam rings associated with Asp 262 and Glu 288 and the phenylenebis(methylene) linker associated with Phe 189 and Tyr 190 was consistent with experimental mutagenesis data (Fig. 6A) . AMD3100 bound to the base of E-L3 and was bounded superiorly by this loop (Fig. 6, B and C) . The bicyclam rings extended into the hydrophobic core and outside the bundle of helices. The posterior boundary of the binding pocket consisted of hydrophobic residues from E-L2. The nonbonded interactions of AMD3100, within 3.0 Å, which are primarily hydrophobic, included the following residues: Ala 180 also formed hydrogen bonds stabilizing the base of E-L3, which has the effect of forcing the N-ter and E-L2 together (Fig. 6D) . The effect of AMD3100 binding on the conformation of the CXCR4 model was different from that of T140. In comparison to the native model, there was greater movement of the transmembrane helices upon AMD3100 binding than was associated with T140 binding. Whereas the intracellular domains of CXCR4 complexed with T140 were similar to those of the native receptor, AMD3100 binding was associated with a change in orientation of the lower portions of the TM helices and cytoplasmic domains (Fig. 6D) . The altered orientation provides a potential conformational rationalization for the finding that AMD3100 is a weak partial agonist, whereas T140 binding does not alter the conformation of the native receptor, which by analogy to the crystal structure of rhodopsin bound to retinal, is in the inactive state.
Whereas Asp 171 has previously been implicated in AMD3100 binding to CXCR4, mutation of this residue did not alter AMD3100 inhibition of coreceptor activity. CXCR4(D171A) does have dramatically decreased SDF-1 binding (data not shown), complicating interpretation of the displacement analysis (9) . Our molecular modeling provides a spatial rationalization of the involvement of Asp 262 and Glu 288 in AMD3100 binding to the two bicyclam rings that is also consistent with the interaction of the hydrophobic interaction of the phenylenebis(methylene) linker with the contiguous aromatic residues Phe 189 and Tyr 190 . It would appear that one aromatic residue, Tyr 190 or Phe 189 , is necessary for hydrophobic interaction with the phenylenebis(methylene) linker of AMD3100 and either can accommodate this as each single mutant. However, the double mutation provides no such stabilization. In our model the bicyclam rings of AMD3100 were not in the extended conformation and were close together. Although an extended conformation of AMD3100 does fit into a previous model simulation (9) , that model included only the transmembrane helical regions with Asp 171 and Asp 262 . In our system, there would have to be significant conformational change of the extracellular loop regions to allow for this interaction.
A series of AMD3100 compounds ( Fig. 1) have been previously tested for activity and only one, AMD3106, is comparable with the parent compound, whereas the others have decreased affinity ranging to that of the monocyclam. Our model can be used to rationalize the observed activity range. The 3-fold decreased activity of AMD2763, which possesses a short propyl linker that holds the two cyclams close together, does not have the aromatic stabilization of AMD3100. AMD2849, with the hexyl linker, has decreased activity similar to that of the monocyclam: the cyclam rings are more flexible in conformational space, are not held in close proximity, and do not have the aromatic stabilization, thus decreasing stabilization in our model. AMD3106, with the 2,4-disubstituted pyridine linker, has similar activity to AMD3100 and it is possible for the aromatic stabilization to occur between the linker and Tyr 190 and/or Phe 189 , whereas holding the cyclam rings in a similar proximity, as in AMD3100. An isomer of AMD3106, AMD3108, has interactions of the 2,4-disubstituted pyridine linker with the cyclam ring that hold it in an unfavorable conformation. This causes decreased activity similar to the monocyclam, the same argument is applicable in our model.
The conformation of the extracellular loops and upper regions of the TM helices of CXCR4 bound to AMD3100 are similar to those of the native receptor, with the exception of FIG. 5 . CXCR4 residues critical for binding to AMD3100. A, alanine scanning mutants of CXCR4 were tested for loss of sensitivity to AMD3100 inhibition of coreceptor activity in a reporter gene assay for HIV-1 Env-mediated fusion using the dual tropic envelope glycoprotein encoded by the 89.6 strain. The fusion activity of each mutant in the absence (white bars) or presence (black bars) of T140 is the mean value of two duplicate analyses and is expressed as a percentage of the control using wild type CXCR4. B, the loss of CXCR4 alanine scanning mutants to T140 inhibition in the fusion assay was confirmed in heterologous displacement studies of SDF-1 binding. CHO transfectants stably expressing wild type CXCR4 or the indicated alanine scanning mutants at similar levels on the cell surface were used in binding experiments in which AMD3100 displaced the binding of [ 
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minor movement for the optimization of antagonist binding. TM3 was straightened out and there was significant movement of the cytoplasmic loops, which appeared to extend farther into the aqueous environment of the cytosol. The largest change was in the C-terminal tail, residues 344 -352, which was different from the native and T140-bound CXCR4 receptor (Fig.  6D) . However, the C terminus is dynamic and not well defined in the rhodopsin crystal structure. I-L2 and I-L3 were in closer proximity than in the native receptor (Fig. 6D) .
Insights into CXCR4 and Structure-based Drug Design-CXCR4 is a biologically and medically important receptor in HIV entry into target cells, and cancer metastasis. Thus, it is crucial for structure-based drug design efforts to have a reliable structure for the target. Traditional methods, such as x-ray crystallography and NMR, are just beginning to be applied successfully to membrane proteins, as there are several problems to overcome, such as expression, purification, solubility, crystallization, and isotopic labeling. The interdisciplinary strategy of molecular and computational biology provides information that is currently unavailable using these standard structural approaches and incorporates insight into the relationships between the target GPCR and early generation antagonists. We have effectively computationally modeled CXCR4 in the most realistic environment for a GPCR, a solvated lipid bilayer that mimics a cellular membrane. The simulations were validated by being entirely consistent with current experimental molecular biology data and provide fundamental insights into the receptor and its dynamic nature. Molecular simulations allow dynamic conformational movement, such as is involved in the signaling mechanism of CXCR4, and the methods employed here rationalized the different agonist and antagonist binding modes, providing a realistic platform for specific structure-based drug design. Previous studies (9, 11) have identified two classes of compounds that bind to CXCR4, represented in this work by AMD3100 and T140. The simulations presented here provide a rationalization of the experimental mapping and binding data. From these models it is possible to generate new hypotheses that can be experimentally tested for further validation. Ultimately the accuracy of these predictions will be determined when the high resolution structure has been established. Further insight into the mechanism will come from variants in which the active and inactive conformations are stabilized (10) . This is the first fully solvated lipid bilayer simulation of CXCR4 to be reported, which importantly, did not rely on National Supercomputing resources. Thus, it is feasible for individual investigators to study GPCR structure using this approach. As our understanding and the methodology of simulating membrane proteins with multiple domains increases, the reliability of these simulations will also increase, making this receptor superfamily more accessible to structure-based drug design efforts. , and Glu 288 from the fusion assay in stick representation and labeled in white. AMD3100 is shown in yellow stick representation with nitrogen atoms in blue, additional residues within 3 Å of AMD3100 are shown in stick representation. B, AMD3100 binds externally and deep into CXCR4. CXCR4 is shown as green CPK representation with residues within 3 Å of AMD3100 colored in white, AMD3100 is colored yellow. C, the orthogonal view of A shows close contacts surrounding AMD3100. D, position of AMD3100 binding to CXCR4. AMD3100 is shown in yellow CPK, CXCR4 in green ribbon, and lipid bilayer in white with oxygen atoms in red.
